Steamer ducks (Tachyeres) comprise four species, three of which are flightless. The flightless species are believed to have diverged from a flying common ancestor during the Late Pleistocene; however, their taxonomy remains contentious. Of particular interest is the previously unstudied population of flying steamer ducks in the Falkland Islands. We present the first genetic data from this insular population, and illustrate that the flying and flightless steamer ducks on the Falkland Islands are genetically indistinguishable, in contrast to their traditional classification as separate species. The three species that reside in continental South America form a genetically distinct lineage from the Falkland Island ducks. The Falkland steamer ducks diverged from their continental relatives 2.2 -0.6 million years ago, coincident with a probable land bridge connecting the Falkland Islands to the mainland. The three continental species share a common ancestor approximately 15 000 years ago, possibly owing to isolation during a recent glacial advance. The continental steamer duck species are not reciprocally monophyletic, but show some amount of genetic differentiation between them. Each lineage of Tachyeres represents a different stage between flight and flightlessness. Their phylogenetic relationships suggest multiple losses of flight and/or long-term persistence of mixed-flight capability. As such, steamer ducks may provide a model system to study the evolution of flightlessness.
INTRODUCTION
The Pleistocene was a period of tumultuous climate change, characterized by oscillations between glacial and interglacial periods. These oscillations resulted in significant, environmentally driven changes in the amount and the distribution of habitat, forming and removing barriers to gene flow both on land and in the sea. During glacial periods, growing ice sheets separated previously connected populations and often formed impenetrable barriers to gene flow between newly created refugia. If isolation persisted for a sufficiently long time, these subpopulations would eventually become genetically distinct via genetic drift [1] . The reduction in global sea level brought about by glacial expansion also created land bridges between previously isolated land masses, creating conduits for dispersal and mixing of previously isolated populations [2] . As the temperature warmed, rising sea levels once again flooded these exposed land bridges, fragmenting populations in a way not unlike those in glacial refugia [3] .
The diversification of the steamer ducks (Tachyeres) of South America (figure 1) was probably shaped by Pleistocene glaciations [6] . Two flightless species, the Magellanic flightless steamer duck (Tachyeres pteneres) and whiteheaded flightless steamer duck (Tachyeres leucocephalus), live on the Pacific and Atlantic coasts of southern South America, respectively, while the third flightless species, the Falkland steamer duck (Tachyeres brachypterus), is one of the only two birds endemic to the Falkland Islands (Islas Malvinas). The fourth species, the flying steamer duck (Tachyeres patachonicus), is sympatric with all three flightless species (figure 1).
Morphological [6] and protein electrophoretic [7] evidence has been used to suggest that the flying steamer duck is sister to the three flightless species, and that the Magellanic flightless steamer duck (T. pteneres) diverged first within the flightless clade. Based on this phylogeny, Livezey [6] hypothesized that a flying ancestral species was fragmented by Andean glaciation around 60 000 years ago, giving rise to the flying steamer duck on the eastern side of the Andes and an ancestral flightless species in a refugium along the Pacific coast. This flightless species then spread southward along the coast, becoming subdivided during the last glacial maximum (LGM) into the Magellanic flightless steamer duck on the Pacific coast, and a species ancestral to the whiteheaded and Falkland steamer ducks on the Atlantic coast [6] . However, one population of steamer ducks was not fully considered in this analysis: the population of flying steamer ducks that also inhabit the Falkland Islands. The origin of this population remains enigmatic, although it is presumed to have colonized the islands during the LGM. Individuals of this small population are difficult, if not impossible, to confidently differentiate from the Falkland flightless steamer duck in the field [4] . No phylogenetic or biogeographic studies have included this population, save one morphological analysis of a single incomplete specimen [8] , despite general study of the evolution of the genus [6, 7, 9, 10] .
In contrast to traditional morphological views, a recent mitochondrial DNA analysis recovered two clades within steamer ducks: one composed of flightless Falkland steamer ducks and one Magellanic flightless steamer duck (T. pteneres), and another composed of flying steamer ducks, the white-headed steamer duck and a second individual of T. pteneres [10] . This paraphyly highlights the need for further sampling to resolve the evolutionary history of this genus. Of particular interest is the lack of monophyly of the flightless species, as it raises the possibility of more than one loss of flight within this genus and suggests that the biogeographic history of the genus should be revisited.
We present an analysis of mitochondrial and nuclear DNA sequences from more than 50 steamer ducks from the South American continent and the Falkland Islands, including the first genetic data for the flying steamer duck (T. patachonicus) from the Falkland Islands. By including more individuals from each species, we aim to resolve the phylogeny for all species of Tachyeres, test the current biogeographic scenario and create a framework for investigating the loss of flight within Tachyeres.
MATERIAL AND METHODS
We obtained 23 samples of T. brachypterus, comprising 5 historic toepads collected between 1842 and 1937, 10 modern tissue samples and 8 field-collected feather and eggshell samples. We also obtained 10 modern T. patachonicus tissue samples from across Argentina and Chile and 7 historic toepad samples from the Falkland Islands. We also obtained 10 T. leucocephalus, 6 T. pteneres and 1 crested duck (Lophonetta specularioides). Sample ID, museum accession and collection information are fully detailed in electronic supplementary material, table S1.
We extracted DNA from modern samples using a Qiagen DNeasy Blood and Tissue kit. To obtain DNA from the eggshells, we removed the inner membrane from the shells and processed it as tissue. Feathers were processed by doubling the volume of all solutions prior to the wash steps and including 20 ml of 1 M dithiothreitol (DTT). Strict ancient DNA protocols were adhered to during processing of the historic toepad specimens [11] . We performed DNA extraction and PCR set-up for the historic toepads in a sterile ancient DNA laboratory at The Pennsylvania State University, which is physically isolated from all modern molecular biology research. To facilitate the digestion of the preserved tissue, we modified the Qiagen DNeasy kit extractions protocol to include (i) the addition of 20 ml of DTT during the lysis step and (ii) an extended incubation time of 48 h, during which we added an additional 20 ml of proteinase K to the sample after 24 h. We added 1 ml of Tween 20 to the final 50 ml extract to prevent the DNA from adhering to the tube walls.
We sequenced two mitochondrial (mtDNA) and four nuclear loci based on their previous utility in species-level analyses [12, 13] . Details of the sequencing primers and amplification conditions are provided in electronic supplementary material, table S2. We targeted a 997 base pair (bp) fragment of mitochondrial control region (D-loop) and 738 bp fragment of ND2 in modern individuals. For the toepads, we expected the surviving DNA to be highly fragmented, so we targeted two short (less than 150 bp) overlapping fragments to obtain the first 337 bp of control region targeted in the modern samples. We cloned the PCR amplicons using a TOPO TA cloning kit (Invitrogen) following manufacturer's instructions, and used these to estimate the consensus sequence.
We targeted four nuclear loci: 303 bp of a-enolase (ENO1) intron-8, 256 bp of ornithine decarboxylase (ODC1) intron-7, 658 bp of Myoglobin (MB) intron-2 and 385 bp of chromo-helicase DNA binding protein 1 (CHD1Z). After initial tests of a subset of samples from each species, ENO1 and ODC1 were shown to be invariant. We amplified MB (either as a single fragment or as two shorter fragments targeting the four observed single nucleotide polymorphisms) and CHD1Z from all modern tissue specimens. Nuclear loci were not targeted from the toepads, as the results of the mitochondrial analyses indicated these were not sufficiently well preserved for nuclear DNA analysis. PCR conditions for all loci are described in electronic supplementary material, table S2.
We aligned the resulting sequences using the LASERGENE software suite and corrected the alignments by eye. For the mtDNA loci, we identified unique haplotypes using ARLEQUIN v. 3.5.1.2 [14] . Unique alleles and allele frequencies for MB were estimated using PHASE v. 2.1.1 [15, 16] , following the removal of three individuals for which only two of the four single nucleotide polymorphisms were available. Five independent runs, each employing 500 iterations, a thinning interval of 2 and burn-in of 500 iterations, converged on the same set of 10 alleles and the same allele frequencies. Individuals were assigned the genotype of highest probability (all assignments were greater than 85%). For D-loop only, we calculated genetic distance (absolute and p-distance) between haplotypes using PAUP v. 4b10 [17] . We estimated a median-joining network in NETWORK v. 4.6 [18] for each locus. D-loop sequences were trimmed to 324 bp to match the length of the historic sequences and the 5 0 end of the additional sequences from Bulgarella et al. [10] from GenBank. Two individuals (BL055 and BL235) with incomplete sequences were excluded from the network. Pair-wise F ST calculations were performed between species using analysis of molecular variance (AMOVA) [19] implemented in ARLEQUIN.
We estimated phylogenetic trees for each locus individually as well as combined as a multi-locus dataset. We used JMODELTEST v. 0.1.1 [20] , which implements an algorithm from PHYML [21] , to identify the model of evolution that best fit the alignment data for each locus using AIC (electronic supplementary material table S3). We performed maximumlikelihood (ML) analyses using RAXML v. 7.2.8alpha [22, 23] and Bayesian Markov chain Monte Carlo (MCMC) analyses using MRBAYES v. 3.1.2 or 3.2 [24] . Full details are described in the electronic supplementary material.
We performed divergence time analysis for Anatidae using BEAST v. 1.6.1 [25] using only ND2 data to maximize taxonomic coverage and minimize missing data. We included one individual from each species of Tachyeres and at least one species from each genus of ducks and geese for which ND2 was available as of 1 August 2011. We calibrated the gooseduck divergence (the root of the phylogeny) using a lognormal distribution (lognormal mean ¼ 15.9, s.d. ¼ 0.5, offset by 20 Ma) to provide a median divergence time of 28 Ma and a 95% confidence interval spanning 42-23 Ma based on the Oligocene occurrence (Mammalian Palaeogene zones 23-24) of the fossil anserine (Cygnopterus affinis) in Belgium [26] . The Anser-Branta divergence was calibrated using a lognormal distribution (lognormal mean ¼ 15, s.d. ¼ 0.6, offset by 4.8 Ma) and a median age of 8 Ma to reflect the occurrence of both genera in the southern USA around 5 Ma [27, 28] . We ran the MCMC chains for 50 million iterations sampling every 2000, removed the first 10 per cent of sampled states as burnin, and visualized the results in TRACER v. 1.5 [29] to verify that parameter sampling had reached stationarity and that sufficient effective sample sizes had been reached (greater than 200) for each parameter. The maximum clade credibility (MCC) tree, summarized by TREEANNOTATOR v. 1.6.1, was visualized in FIGTREE v. 1.3.1 [30] .
RESULTS
We successfully obtained D-loop sequence data from 53 of 57 individuals sampled, although only less than 150 bp could be obtained for BL235 and BL055. Three toepads and one field-collected non-invasive sample yielded no DNA, presumably owing to DNA degradation following environmental exposure. Only D-loop data could be obtained for four of the field-collected specimens and the 10 toepads, including six of the flying steamer ducks of the Falkland Islands. We obtained sequence data for ND2 from 36 of 39 modern specimens, CHD1Z from 34 and MB from 36 (GenBank Accession Numbers JQ408247 -JQ408371; electronic supplementary material, table S1).
Twenty-two D-loop haplotypes were observed across the 53 new and 16 previously published Tachyeres sequences [10] . When trimmed to the length of the historic sequences for network construction, 19 distinct haplotypes remained. These data fall into two major haplogroups: one comprising only the specimens from the Falkland Islands (both flying and flightless) and one comprising the individuals from continental South America (figure 2). The only exception to this is a single T. pteneres individual (GenBank HM063527) from Bulgarella et al. [10] with a 'Falklands' haplotype that was obtained from a private avicultural collection in the USA. Given that individuals of T. brachypterus have been previously misidentified in American collections as T. pteneres and the former is more commonly kept in captivity [4] , it is almost certainly misidentified. The possibility that this sample was misidentified was also raised by Bulgarella et al. [10] .
The uncorrected genetic distance for D-loop data between Falkland Islands individuals was 0.1 -0.6 per cent and between continental individuals was 0.1 -0.8 per cent, while distance between individuals originating on the continent versus the Falkland Islands was 1.3 -2.5 per cent. D-loop-only analyses including an outgroup place the root of the phylogeny between the two clades, with 100 per cent maximum likelihood bootstrap percentage (MLBP) and Bayesian posterior probability (BPP) support for monophyly of the Falkland Islands clade (electronic supplementary material, figure S1 ).
We observed four haplotypes in ND2: two in Falkland Islands individuals and two in continental individuals (figure 2). All Falkland Islands steamer ducks differed from those from the continent by 11 fixed substitutions. We observed two alleles for CHD1Z, defined by a 2 bp indel. Both alleles are found at similar frequencies in all figure 2 ). For the phylogenetic analyses, individuals that were heterozygous for the indel were coded as missing data for those two positions. We observed four parsimony informative sites in MB that were estimated by PHASE to correspond to 10 unique alleles (figure 2). Heterozygotes were coded as multi-state bases in phylogenetic analyses.
The combined-locus analysis strongly supports a division between the steamer ducks of the Falkland Islands (both flying and flightless) and those of continental South America (electronic supplementary material, figure S1 ). However, within these clades, no support was found for the monophyly of any species. All individual gene trees were compatible with the combined analysis (electronic supplementary material, figures S2-S6).
For F ST calculation between the flying and flightless steamer ducks of the Falkland Islands, only 337 bp of D-loop were analysed, representing the complete dataset available for the flying steamer ducks from the Falkland Islands. AMOVA analyses illustrated no significant differentiation between these populations (table 1), and since no haplotypes unique to the flying steamer ducks of the Falkland Islands were recovered, these individuals were excluded from further F ST calculations so that the entire sequence dataset could be used. Pair-wise F ST calculations between the Falkland, white-headed, Magellanic and flying steamer ducks (of continental South America) showed significant genetic differentiation between all species at high to very high levels (table 1).
In the ND2 divergence time analysis (figure 3), geese and ducks were reciprocally monophyletic (BPP ¼ 1.0). figure S1 ). Although these results are in contrast to the presently accepted taxonomy, all steamer ducks from the Falkland Islands are highly similar morphologically [4] . Thus, it seems probable that the flying and flightless ducks of the Falkland Islands comprise a single, partially flighted species. If true, the Falkland steamer duck and continental flying steamer duck may represent two of only three avian species with mixed-flight capability, the third of which, the rail Dryolimnas cuvieri, comprises distinct populations that either can or cannot fly [31] .
Because only mitochondrial DNA could be obtained from flying ducks of the Falkland Islands, we cannot rule out either hybridization between flying and flightless birds or a recent mitochondrial sweep through the small flying population as the cause of the observed similarity between the flying and flightless ducks. However, flying ducks in the Falkland Islands breed almost exclusively on inland freshwater lakes. The flightless population, unable to reach these lakes, breeds along the coastline [4] . Given the consistent and exclusive pairing of flying ducks, it seems unlikely that hybridization would be sufficiently common to explain our results. These selective breeding practices may represent either reproductive isolation via different breeding habitats or possibly by positive assortative mating. This potential for reproductive isolation may actually act to encourage genetic diversification between the flying and flightless ducks, and may eventually lead to speciation between them. However, further morphological and population genetic study employing microsatellites or genome-wide single nucleotide polymorphism study from less-degraded samples will be critical in defining the extent of population structuring, if any, between flying and flightless steamer ducks of the Falkland Islands.
(b) A revised phylogeny for the South American steamer ducks In contrast to Livezey's biogeographic hypothesis [6] , in which the Falkland Islands were the last geographical region to be colonized by steamer ducks, our results place the divergence between the Falkland Islands steamer ducks and the continental steamer ducks between 2.2 and 0.6 Ma. This period includes the great Patagonian glaciation (GPG), which peaked ca 1.07 Ma, as well as several pre-GPG and one post-GPG glaciation (figure 3) [5] . At the maximum extent of the GPG, ice probably calved into the Pacific ocean, leaving little, if any, land exposed [5] . During peak glaciation, the sea level is estimated to have dropped by up to 200 m below the present level [2] , exposing the sea floor between the continent and the Falkland Islands, and probably creating a land bridge between them (figure 1).
The GPG may have facilitated the divergence between Falkland Island and continental steamer ducks in two ways. First, the ancestral steamer ducks may have been divided by uninhabitable glacial conditions into two refugial populations, one restricted to the largely unglaciated [2, 32] Falkland Plateau and the other to the north of the uninhabitable region. Alternatively, the entire ancestral population may have found refuge on the Falkland Plateau during the glacial period. Following deglaciation, the associated rapid rise in sea level may have formed a barrier to dispersal between the Falkland Islands and the continent, effectively subdividing the Falkland population from that in southern Argentina. We estimate the MRCA of all extant steamer ducks to have lived just prior to the GPG ca 1.4 Ma. This suggests some preference for the first scenario, in that the timing of the onset of glacial conditions corresponds more closely with that of initial subdivision, than does the timing of glacial retreat.
Although the continental species share their MRCA with the Falkland Islands steamer ducks ca 1.4 Ma, the species on the continent did not diversify until within the last several hundred thousand years ( figure 3 ). This very recent divergence is reflected in the absence of reciprocal monophyly (electronic supplementary material, figure S1 ) as lineage sorting is probably incomplete. However, unlike the flying and flightless Falkland steamer ducks, little haplotype sharing is observed among the three continental species (figure 2) and F ST calculations indicate that the species are significantly genetically differentiated at a very high level (table 1). The mean estimated divergence ca 15.1 ka coincides with the end of a period of higher, post-glacial sea levels that lasted between 22 and 15 ka. The higher sea levels reduced Steamer duck phylogeny T. L. Fulton et al. 2343
the exposed coastal plain by 65 per cent, recessed the coastline by approximately 160 km, and formed many small islands along the coastline [33] . These changes could have provided the means for diversification by fragmenting existing populations or creating new habitat. moa-nalos [34, 35] , and the Auckland Island and Campbell Island teals of New Zealand [36] . Although the Falkland Islands were presumably a predator-free environment at the time of steamer duck colonization, it seems unlikely that this would also be the case for those birds living on the continent. Therefore, the absence of predators does not appear to be a necessity for loss of flight in this genus [9] .
Wing-loading measurements suggest that many flying steamer ducks are borderline flightless [37, 38] and an estimated 25 per cent of males on the continent cannot fly, as supported by the lack of flight in these individuals when being actively pursued [37] . Flying pairs represent approximately 1 per cent of the steamer ducks in the Falkland Islands [39] . The maintenance of both flying and flightless forms (to different degrees) in two of four steamer duck species suggests that there is some benefit to the characteristics associated with flightlessness not only in insular populations, but in coastal populations as well. This could be as high as three of four species, as wing-loading measurements suggest that a small number of white-headed steamer ducks may be flightcapable [37] . Only one species of steamer duck, the Magellanic steamer duck, is entirely incapable of flight. It seems most parsimonious that the ancestral population of all steamer ducks was polymorphic for flight capability, possibly similar to the modern flying steamer duck. This polymorphism would have been retained at different levels in both the continental and Falkland Island lineages. Subsequent to their initial speciation, flight capacity would have been maintained in flying steamer ducks, but reduced or lost completely in the coastaldwelling white-headed and Magellanic steamer ducks.
In avian species generally, flightlessness occurs more frequently in aquatic species than expected by chance [31] . In rails, the loss of flight is frequently correlated with a reduction in body size and pectoral mass, reducing their energetic requirements [40] . However, flightless ducks that use their wings for locomotion do not show a similar reduction in basal metabolism or pectoral mass [40] . Energetic cost reduction may take other forms, however, as individuals that do not or cannot fly in coastal areas may be better able to tolerate increased feather wear, avoiding energetically costly moulting, compared with inland individuals requiring flight to reach foraging grounds [38] . Other potential benefits of increased body size and reduced wing area include improved diving, defence and wing-assisted combat, thermoregulation, and locomotion via 'steaming' [9] . Steamer duck habitat is hospitable year-round, making migration unnecessary, and with reduced selection pressure to be volant, the benefits of large size and shorter wings may outweigh flight [9] . The relationship between resource availability and flightlessness/size on an individual level may be informative towards understanding the polymorphism of flightlessness within species and, possibly, within populations.
Given the recent MRCA of all continental steamer ducks and the even more recent emergence of two completely (or almost completely) flightless species that live in sympatry with a primarily flying species, steamer ducks may present a model system to study both the loss of flight and sympatric speciation. Within the different Tachyeres lineages, the loss of flight may be ongoing, or may represent an equilibrium point between flight and flightlessness. Partially flighted species remain an exceptional rarity in birds [31] , making the South American steamer ducks an ideal resource for future evolutionary research.
